Linear polarization rotator is fabricated by a single-side homogenously aligned dye-doped liquid crystal cell and linear variable neutral density filter ͑LVNDF͒. When a pump beam passing through the transmittance-linear region of LVNDF irradiates on the untreated surface, the surface LC director in the irradiation region is photoaligned into a continuous twist from 0°to 90°. Consequently, the bulk director gradually transits from a homogeneous to twist orientation. This device is capable of rotating the polarization of an input linearly polarized light depending on the beam position, exhibiting a large continuous twist region ͑5.6 mm͒ and high contrast ratio ͑ϳ1000: 1͒. However, linear polarization rotators have seldom been developed that can continuously rotate the polarization axis of an incident linearly polarized light depending on the beam position. 4 Ren et al. 4 fabricated a linear polarization rotator by using an LC cell, in which the top substrate was treated with uniform rubbing but the bottom substrate had two orthogonal rubbings which were separated by a nonrubbing region. In the nonrubbing region, the LC director on the bottom surface twists continuously from 0°to 90°. The continuous twist region of the surface LC director is subject to the balance between the surface anchoring of the top substrate and that of the bottom substrate. Furthermore, the contrast ratio of the LC-based linear polarization rotator is low since the nonrubbing surface exhibits the large surface pretilt angle. Therefore, developing an enhanced linear polarization rotator for potential applications in beam splitters, LC lens and phase modulators is of priority concern.
Polarization converters are excellent optical devices owing to their ability to change the polarization of incident light. Polarization converters can be fabricated by liquid crystals ͑LCs͒ because their birefringence is easily modulated via mechanical rubbing or photoalignment. [1] [2] [3] [4] Using LCs, polymer network LCs, and photoaligned LCs, Yamaguchi et al., 1 Wu et al., 2 and Tzeng et al. 3 developed axially symmetrical polarization converters, respectively.
However, linear polarization rotators have seldom been developed that can continuously rotate the polarization axis of an incident linearly polarized light depending on the beam position. 4 Ren et al. 4 fabricated a linear polarization rotator by using an LC cell, in which the top substrate was treated with uniform rubbing but the bottom substrate had two orthogonal rubbings which were separated by a nonrubbing region. In the nonrubbing region, the LC director on the bottom surface twists continuously from 0°to 90°. The continuous twist region of the surface LC director is subject to the balance between the surface anchoring of the top substrate and that of the bottom substrate. Furthermore, the contrast ratio of the LC-based linear polarization rotator is low since the nonrubbing surface exhibits the large surface pretilt angle. Therefore, developing an enhanced linear polarization rotator for potential applications in beam splitters, LC lens and phase modulators is of priority concern.
This work fabricates a linear polarization rotator by using a single-side homogenously aligned dye-doped liquid crystal ͑DDLC͒ cell and linear variable neutral density filter ͑LVNDF͒. The DDLC cell is used in this study because dyes are easily controlled by light. The DDLC-based linear polarization rotator is fabricated based on the control of the adsorption-induced twist angle by the pump intensity. 5 Experimental results indicate that the DDLC-based linear polarization rotator can rotate the polarization direction of an input linearly polarized light from 0°to 90°in the continuous twist region of the surface LC director. This region is up to 5.6 mm since the pump intensity can modulate the adsorption-induced twist angle. The contrast ratio of the DDLC-based linear polarization rotator reaches ϳ1000: 1 due to the small surface pretilt angle induced by the planar photoalignment. Figure 1 schematically depicts the fabrication process of the DDLC-based linear polarization rotator. The DDLC structure, which has a cell gap of 23 m, is top glass/ DDLCs ͑E7 LCs+ 1.0 wt % methyl red dyes͒/polyvinyl alcohol ͑PVA͒ film ͑rubbed along the x axis of Fig. 1͒ /bottom glass. The strong anchoring energy induced by the rubbed surface can extend its alignment capability throughout the entire cell, subsequently forming a homogeneous LC layer. Moreover, the homogeneous alignment in the DDLC cell is verified using a conoscope.
LVNDF ͑purchased from CVI Corp., the relative optical density range: 0-5͒ is the major element in fabricating the DDLC-based linear polarization rotator, and the positiondependent transmittance is shown in Fig. 2 . Because LVNDF provides continuously variable attenuation of light by translating the filter, the intensity of the transmitted light varies as a function of incident position. In particular, the positiondependent transmittance of LVNDF is nearly linear between the positions ͑34.5 mmՅ x Յ 40.0 mm͒, as shown in Fig. 2 . The DDLC-based linear polarization rotator is fabricated using this transmittance-linear region.
As a linearly polarized pump light impinges on the DDLC cell, the excited dye molecules are adsorbed on the top substrate. The surface LC director is then induced to be a͒ Electronic mail: kuanglo@mail.ncyu.edu.tw. reoriented with a permanent twist angle from the initial orientation of the director. [5] [6] [7] [8] The adsorption-induced twist angle is in positive proportion to light irradiation dose ͑i.e., the product of pump intensity I and exposure time t͒, and the adsorption-induced twist angle approaches 90°as the light irradiation dose is at an appropriate value.
5 Figure 3 shows the dependence of adsorption-induced twist angle on exposure time at the variant pump intensities, I =8, 6, 4, and 2 mW/ cm 2 . The data in Fig. 3 were measured by the pumpprobe twist nematic experiment. 6 If the pump light irradiation has a certain exposure time, a high ͑low͒-intensity light increases ͑decreases͒ the adsorption-induced twist angle. Furthermore, the relation between the adsorption-induced twist angle and the pump intensity is close to linear at t = 35 min, i.e., I ϰ at the appropriate irradiation time. The intensity of the pump beam, which passed through LVNDF, varies linearly with the position between 34.5 and 40.0 mm. Therefore, the adsorption-induced twist angle exhibits a linear relation with the position.
The DDLC-based polarization rotator is fabricated by using a linearly polarized and pre-expanded pump laser ͑ = 532 nm͒ because the maximum absorption of the dye molecules is in the blue-green light region. [5] [6] [7] [8] The beam diameter of the pump laser, i.e., ϳ10 mm, covers the transmittance-linear region ͑34.5 mmՅ x Յ 40.0 mm͒ of LVNDF. The polarization of the pump laser is set parallel to the rubbing direction ͑i.e., the x axis of Fig. 1͒ in order to maximize the absorption of the dyes. [6] [7] [8] After the pump beam with the intensity of 10 mW/ cm 2 passes through LVNDF, the intensity of the transmitted beam linearly increases with the spatial position along the x axis of Fig. 1 . This transmitted beam impinges on the DDLC cell from the top substrate for an irradiation period of 35 min. As presented in Fig. 1 , the LC molecules on the top substrate are photoaligned into a continuous twist orientation due to the control of the adsorption-induced twist angle by the pump intensity. The homogeneous alignment of the LC director on the rubbed surface is along the x axis ͑Fig. 1͒ owing to the strong anchoring force of the PVA layer, while the LC director on the photoaligned surface gradually twists along the x axis ͑Fig. 1͒. That is, the bulk LC director between positions A and B gradually transits from homogeneous to twist orientation, as shown in Fig. 1 . Moreover, the DDLC-based polarization rotator is linear because the DDLC cell satisfies the Mauguin condition ͑2⌬nd / ӷ͒. 9 Following removal of LVNDF, the DDLC-based linear polarization rotator is formed.
The LC alignment was verified by inspecting the DDLC cell via a polarizing optical microscope. The transmission axis of the polarizer was set parallel to the rubbing direction, and a probe white light was incident from the rubbed surface. Figures 4͑a͒ and 4͑b͒ show the intensity images of the DDLC cell, which were obtained by rotating the analyzer. According to Fig. 4͑a͒ , when the transmission axis of the analyzer was arranged parallel to that of the polarizer, the left ͑right͒ side of the intensity image appeared bright ͑dark͒. Between the left and right sides, the transmitted intensity changed continuously. As the transmission axis of the analyzer crossed that of the polarizer, the left ͑right͒ side was dark ͑bright͒, as shown in Fig. 4͑b͒ . Above results show that the bulk LC director in the position A ͑B͒ has a homogeneous alignment ͑are twisted by 90°͒, and that a graduation transition of the bulk director appears between the two positions. The transition of the bulk director from homogeneous to twist orientation enables the DDLC cell to become a linear polarization rotator.
Use of the pump intensity in this work allows us to control the dye-adsorbed amount under an appropriate exposure time. This amount gives rise to adsorption-induced anchoring, which subsequently results in the twist of the surface LC director. Briefly, the DDLC-based linear polarization rotator is fabricated based on the control of the adsorption-induced twist angle by the pump intensity.
Performance of the DDLC-based linear polarization rotator is evaluated by determining the position-dependent transmittance via the setup of Fig. 5͑a͒ . The probe light was normally incident on the rubbed surface of the DDLC cell, and a pinhole with a diameter of 0.7 mm controlled the spot size of the light. The DDLC cell was placed between the two crossed polarizers and, then, mounted on a translational stage to modify the position where the probe light was impinged. Next, the transmission axis of the polarizer was set parallel to the rubbing direction ͓i.e., the x axis of Fig. 5͑a͔͒ . The solid dots in Fig. 5͑b͒ depict the experimental positiondependent transmittance of the DDLC-based linear polarization rotator, which was obtained by moving the translational stage along the x axis of Fig. 5͑a͒ and within the region where the pump beam exposed. Because the spot size of the pump beam is ϳ10 mm, the boundaries of the exposed region are set in the positions x = 0 and 10 mm. This transmittance is defined as the ratio of the intensity of the transmitted light to that of the incident probe light. As the DDLC cell was translated in the position from 0 to 2.6 mm, the transmitted light exhibits the maximum transmittance ͑ϳ1͒. Continuously translating the DDLC cell in the position from 2.6 to 8.2 mm gradually diminished the transmittance. When the probe light was located in the position from 8.2 to 10 mm, the transmitted light exhibits the minimum transmittance ͑ϳ0.001͒. Above results demonstrate that the bulk director in the position from 2.6 to 8.2 mm gradually transits from a 90°t wist to homogeneous orientation. The continuous twist region ͑5.6 mm͒ of the surface director is larger in the DDLCbased linear polarization rotator than that ͑3.5 mm͒ in the LC-based linear polarization rotator. This finding is attributed to the control of the adsorption-induced twist angle by the pump intensity. A situation in which LVNDF with a low optical density range is used may enlarge the continuous twist region of the surface director. The contrast ratio ͑ϳ1000: 1͒ of the DDLC-based linear polarization rotator is larger than that ͑ϳ200: 1͒ of the LC-based linear polarization rotator. 4 This observation is attributed to that the pretilt angle of the planarly photoaligned surface is smaller than that of the nonrubbed surface. 4 Therefore, the dark-state light leakage of the DDLC cell is lower than that of the LC cell.
The experimental data ͑i.e., the solid dots͒ of Fig. 5͑b͒ was simulated using a Jones matrix. 10 Under the experimental setup, the position-dependent transmittance of the DDLC cell can be expressed as
where T 0 denotes the maximum transmittance of the DDLC cell, and x represents the position between 2.6 and 8.2 mm. The boundary conditions for the simulation are determined by the region where the transmittance gradually diminishes from maximum to minimum. In Eq. ͑1͒, the transmittance of the DDLC cell in the position 2.6Յ x Յ 8.2 mm decreases with the increase in the position. This finding correlates with the trend of the solid dots of Fig. 5͑b͒ . The main error between the solid dots and line is due to the limitation of the finite spot size ͑0.7 mm͒ of the probe light. This is because the spot of the probe beam occupies a segment of the continuous twist region. Thus the detector receives the light intensity from the occupied segment rather than from an actual position.
Based on use of the DDLC cell and LVNDF, the linear polarization rotator is fabricated with the features of a large continuous twist region ͑5.6 mm͒ of the surface director and a high contrast ratio ͑ϳ1000: 1͒ of the light transmittance. This large continuous twist region is attributed to the control of the adsorption-induced twist angle by the pump intensity. Restated, a high-͑low-͒ intensity pump light increases ͑de-creases͒ the dye-induced twist angle in the DDLC cell. Moreover, the contrast ratio of the light transmittance in the DDLC-based linear polarization rotators is high because the planar photoalignment leads to the small surface pretilt angle. This device is applicable for use in the compensators of phase-modulated ellipsometers, ultimately reducing their manufacturing costs. 
